Abstract. The electronic and thermal properties of thermoelectric materials are highly dependent on their microstructure and therefore on the preparation conditions including the initial synthesis and, if applicable, densification of the obtained powders. Introduction of secondary phases on the nano-and/or microscale is widely used to improve the thermoelectric figure of merit by reduction of the thermal conductivity. In order to understand the effect of the preparation technique on structure and properties, we have studied the thermoelectric properties of the wellknown half-Heusler TiNiSn with addition of a small amount of nickel nanoparticles. The different parameters are the initial synthesis (levitation melting and microwave heating), the amount of nickel nanoparticles added and the exact pressing profile using spark plasma sintering.
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Introduction
One of society's biggest challenges is addressing the increasing energy demand worldwide. With much of this energy being lost through waste heat, thermoelectric materials offer a way to convert this thermal energy into useful electricity. The advantages of this solidstate conversion are mainly high reliability and low maintenance costs due to the absence of moving parts. The downside is the relatively low conversion efficiency, which is directly related to the thermoelectric figure of merit containing interdependent physical properties (zT = a 2 T/(rk), where a is the Seebeck coefficient, r is the electrical resistivity, k is the thermal conductivity and T is the absolute temperature [1] ). This means that by positively affecting one material property another one is negatively affected, e.g. decreasing the resistivity usually also decreases the absolute value of the Seebeck coefficient.
The half-Heusler compound TiNiSn is a promising thermoelectric material in the intermediate temperature range (750 K) with reported maximum figures of merit of around 0.5 [2] [3] [4] . In particular, its high Seebeck coefficient a and low electrical resistivity r are able to balance out the thermal conductivity k, which can be four to five times higher than that of stateof-the-art telluride materials. In order to increase the figure of merit, different approaches have been reported that mainly focus on the reduction of the thermal conductivity. Substitution with heavier elements introduces a mass difference that leads to point scattering of heat-carrying phonons [5, 6] . Another strategy is the introduction of a secondary phase on the nano-or microscale, which results in scattering of the short-to mid-wavelength phonons [7, 8] . All approaches reduce the lattice thermal conductivity effectively since it has been shown that scattering events on all length scales are required for the highest figures of merit [9] .
For large-scale applications of thermoelectric materials, low toxicity and high abundance of the reacted elements and a cost-effective preparation process are of utmost importance. Since typical doping elements, such as Hf and Zr, are scarce and expensive [10] , we have previously shown that zT can be enhanced through inclusion of a secondary full-Heusler phase by adding a small amount of additional Ni to TiNiSn [8] . Phonons are scattered on micron-sized TiNi2Sn reducing the lattice thermal conductivity by about 30% when an ideal amount of 5% full-Heusler is present in the half-Heusler matrix. Encouraged by an earlier study, the half-Heusler/fullHeusler compounds were prepared by microwave reaction followed by spark plasma sintering.
In the initial study, we have reported on a time-and energy-efficient technique using a 3 commercial microwave oven to prepare TiNiSn with zT comparable to that of the conventionally prepared material involving arc melting and annealing [4] . The microwave preparation reduces the reaction time from several days to minutes and the subsequent densification step eliminates most of the additional metallic phases present after the short microwave reaction.
The microstructure after the densification process is very important since it strongly influences the resulting thermoelectric properties. Additional metallic phases contribute electrons, thereby decreasing the electrical resistivity. As a result, a higher power factor a 2 / r can be reached if the Seebeck coefficient does not suffer too significantly. However, the most important aspect is the lattice thermal conductivity, which can be lowered effectively through phonon scattering on a suitable secondary phase inside the half-Heusler matrix. Reduction of the lattice thermal conductivity by about 50% has been reported in bulk Zr0.25Hf0.75NiSn
nanocomposites containing full-Heusler inclusions [7] .
Spark plasma sintering (SPS) is widely used as an alternative to classic hot pressing to densify various powders including intermetallics and oxides. Its advantages are fast heating and cooling rates, resulting in limited grain growth, high densities and improved properties [11, 12] .
Additionally, SPS allows for the control of a wide number of parameters for the densification process, including pressure, heating rate, holding temperature and time. In contrast to hot pressing where the sample is heated externally, in SPS a current is passed through the graphite die and the sample heating it up more efficiently. So far, little is known about the exact effects of the current on the phase and microstructure of the densified pellet since these effects are highly dependent on the nature of the material (e.g. conducting or insulating).
In this study, we investigate the effect of the addition of commercially available Ni nanoparticles together with the initial synthesis technique and two different SPS conditions on the microstructure and thermoelectric properties of TiNiSn. Two kinds of the parent compound are prepared by either levitation melting or microwave reaction, followed by mixing with Ni nanoparticles and densification by spark plasma sintering. The obtained pellets are carefully characterized by synchrotron X-ray diffraction, electron microprobe and measurement of the transport properties. This investigation allows insight into the effect of the initial preparation technique and the compaction process on the microstructure of the thermoelectric pieces. induction levitation furnace in an Ar atmosphere. The charge was held molten for 120 s and then rapidly cooled, solidifying in a water-cooled Cu crucible. This method has already been used to prepare Ni-rich TiNiSn samples with improved thermoelectric properties [13] . For the microwave procedure, we followed a method reported in previous studies, involving the reaction of metal powders sealed into a quartz tube in a commercial microwave oven [4] . After the initial synthesis the molten compounds were roughly broken using a percussion mortar to obtain pieces no bigger than 3 mm in any dimension. In a typical experiment, 4 g of the parent compound were mixed with 0.5 weight % (1 weight %) of nickel nanoparticles (approx. 50-200 nm, SigmaAldrich) and the mixture was ball-milled in acetone for 15 min using a WC container and balls to ensure homogeneous distribution of the nanoparticles. After drying in a crystallization dish, the fine TiNiSn/Ni nanoparticle powder was consolidated into dense pellets by means of spark plasma sintering (SPS).
Two different pressing profiles (see Figure 1 ) were used in order to study the influence of the SPS technique on both the microstructure and the thermoelectric properties of the obtained compounds. After a pressure of 50 MPa was applied (A) and the samples were heated to 673 K (B), the temperature was controlled by the pyrometer. For one set of samples, the temperature was raised to 1223 K with a heating rate of 100 K/min (C) and the temperature was held there for 5 min (D). For the other set of samples, the temperature was raised to 1273 K with a heating rate of 50 K/min (C) and held there for 10 min (D). In both cases, the materials were allowed to quickly cool down to room temperature (15 min) while the pressure was decreased Powder X-ray diffraction data were obtained on a Philips X'Pert with CuKa radiation. In addition, a small piece of the pellets was finely crushed for high resolution synchrotron powder diffraction data, collected at beamline 11-BM at the Advanced Photon Source (APS), Argonne National Laboratory using a wavelength of l = 0.440649 Å. Le Bail fits and Rietveld refinements were performed with TOPAS Academic V4.1 [14] . None of the Rietveld fits had small R-factors -a consequence of large grain sizes yielding profiles that were difficult to model.
None of the reported results are affected by the quality of the fit.
Electron Microprobe analyses were conducted using a Cameca SX100 equipped with 5 wavelength dispersive spectrometers (WDS). Probe Image and Probe for EPMA (Probe software Inc.) were used for acquisition of X-ray intensity maps and quantitative data respectively. Ti Ka, Ni Ka, and Sn La X-ray intensities were measured using LPET, LLIF and LPET analyzing crystals. X-ray intensity maps were collected using 15 keV accelerating voltage with 100 nA of beam current. An area of 125´125 µm was traversed using continuous stage translation to create a 256´256 pixel map with a dwell time of 125 ms per pixel. Quantitative analysis was conducted at 15 keV accelerating voltage and 10 nA beam current. Ti Ka, Ni Ka, and Sn La intensities were measured on-peak for 20 seconds and 10 seconds off-peak either side of the peak to create a linear background interpolation. In order to visualize chemical compositional differences within the X-ray map data, individual element X-ray intensity channels were combined into three channels of a color image to create a false color composite image of X-ray intensity for all elements.
For measurement of the electronic properties, bar-shaped pieces with the approximate dimensions 10 mm´2 mm´2 mm were cut using a low-speed saw (Allied Inc.) with a diamond wafering blade. Seebeck coefficient and electrical resistivity in the temperature region between 300 K and 875 K were measured simultaneously on those samples using a ZEM-3 Ulvac instrument. The electronic transport properties were measured in two consecutive heating and cooling cycles. The data lie nearly on top of each other but a slight decrease in power factor (lower resistivity and absolute Seebeck coefficient) could be observed for some of the samples.
For thermal diffusivity measurements, disks, approximately 7.5 mm in diameter and 2 mm in thickness, were cut using wire electrical discharge machining (EDM, BROTHER HS-350) and sprayed with a layer of carbon paint in order to minimize errors in the emissivity.
Thermal diffusivity was measured using the thermal flash technique between room temperature and 873 K under argon on an Anter Flashline 5000 system. The thermal conductivity was calculated using k = D d Cp where D is the thermal diffusivity, d is the density, and Cp is the specific heat. The Cowan model for diffusivity and the Dulong-Petit molar heat capacity, Cp = 6 3R, were utilized. Densities were obtained on the same pieces using a pycnometer (Micromeritics AccuPyc 1330 Pycnometer) and were found to be ≥99% of the theoretical density. For microstructural investigations the remaining pieces were polished further in order to obtain a smooth surface for additional characterizations. Samples were fixed into an epoxy (Buehler Epomet) by hot compression mounting and polished using the following procedure:
The samples were ground using silicon carbide abrasive paper and then polished to 0.25µm using colloidal diamond on cloth. Samples that were pressed at 1223 K using a faster heating rate (100 K/min) and a shorter holding time (5 min) will be referred to as "LF-1223" and "MW-1223" (Figure 1(a) ). Samples that were pressed at 1273 K following a slower heating rate (50 K/min) and a longer holding time (10 min) will be referred to as "LF-1273" and "MW-1273" (Figure 1(b) ). The piston position during the pressing process is also shown in Figure 1 . In both cases the major part of the consolidation starts at about 1200 K during the heating segment (C) and continues throughout contains a higher concentration of those phases and additional Ni3Sn4 and elemental Sn. This can be explained by the slower cooling rate in the case of the microwave-prepared samples, which results in the samples being at higher temperatures for a longer time than the rapidly cooled levitation-melted samples. Another reason is that powders are used as starting materials in the case of the microwave preparation, so smaller diffusion paths are expected in contrast to longer ones when large metal pieces are used (LF). Typically, a long-term annealing step is added after the initial synthesis to eliminate impurity phases and enhance ordering of the halfHeusler crystal structure [15] [16] [17] 6] . Here, the samples were directly ball milled without further annealing, mixed with the nickel nanoparticles, and consolidated into dense pellets. Synchrotron XRD data of the different samples reveal that half-Heusler TiNiSn is the main phase and most of the secondary compounds have disappeared during spark plasma sintering (Figure 2(b) ).
Rietveld refinements of the synchrotron XRD data were performed (not shown here) and the resulting half-Heusler lattice constants and various phase fractions are summarized in Table 1 . 
Microstructural analysis.
Microprobe data of the surfaces of all five TiNiSn-NP pellets are shown in Figure 3 . The background in all images is half-Heusler TiNiSn and different additional phases can be detected (light green, purple, red and blue in Figure 3 ). Additional phases are elemental Ti and Sn and a binary Ti-Sn compound and these findings are in accordance with the results from the refinement of the XRD data (see Table 1 ). Ti ). It can also be observed that doubling the amount of Ni nanoparticles does not have a significant effect on the resulting power factor. The sample with a higher amount of Ni nanoparticles seems slightly more metallic (with a lower resistivity and absolute value of Seebeck coefficient) but the power factors of MW-1273 (0.5) and MW-1273 (1) are essentially the same.
Thermal transport properties.
A full investigation of the thermal transport properties is presented in Figure 5 . , slightly lower than those reported in the literature [6, 19] . Thermal conductivities of the microwave-prepared samples (circles in Figure 5 ) are generally higher than those of the samples prepared by levitation melting (squares in Figure 5 ). This is true at temperatures below 600 K whereas hightemperature thermal conductivities are similar for all samples.
To learn more about the heat transport in the studied compounds, Lorenz numbers were calculated based on experimental Seebeck coefficients using an SPB model [20, 21] , which allows for extraction of the electronic and the lattice contribution to the total thermal conductivity. In accordance with the electrical resistivity data, samples with the highest Lorenz numbers are those with the largest amount of metallic inclusions and therefore exhibit the highest electronic thermal conductivities. One of the microwave-prepared compounds (MW-1223 (0.5))
has a Lorenz number close to that of metals and the highest total thermal conductivity at room temperature among all samples. This can be explained by its high fraction of metallic tin detected by XRD and microprobe investigations (see Table 1 and Figure 3 ).
The electronic thermal conductivities, however, are rather low compared to the lattice thermal conductivities, which are the most significant contribution to the thermal conductivity.
Here, more significant differences between the various samples can be observed. All microwave prepared samples show similar lattice thermal conductivities and the values of the studied materials compare well with the reference sample (circles in Figure 5 ). In general, all compounds prepared by levitation melting exhibit lower lattice contributions (squares in Figure   5 ) but we find a larger difference between the TiNiSn-NP samples and their reference sample. A reduction of about 1 Wm -1 K -1 at room temperature is achieved as a result of the microstructure in both nanoparticle-infused compounds. 
Conclusions
In this contribution, we investigate the influence of the initial preparation method, The thermal conductivities of all microwave-prepared pellets are higher than those of the reference samples because of the larger electronic contribution. Interestingly, samples with the highest amounts of full-Heusler (around 4-7%) and Ni3Sn4 as additional phases --initially prepared by levitation melting --exhibit reduced lattice thermal conductivity and therefore a lower thermal conductivity in comparison to the reference samples. This finding itself is valuable since it suggests that inclusions with higher densities, here full-Heusler and Ni3Sn4, scatter phonons more effectively than other phases. Controlling the microstructure of intermetallic compounds is not at all trivial and here we could show that one segregated phase is more beneficial for the thermoelectric performance than others. This adds to our understanding of the transport properties in heterostructured compounds and will hopefully lead to a better control of the overall thermoelectric properties in these systems.
